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In the last decades a large effort has been devoted to the study of water confined in hydrophobic
geometries at the nanoscale (tubes, slit pores), because of the multiple technological applications of
such systems, ranging from drugs delivery to water desalinization devices. To our knowledge, neither
numerical/theoretical nor experimental approaches have so far reached a consensual un- derstanding
of structural and transport properties of water under these conditions. In this work, we present
molecular dynamics simulations of TIP4P/2005 water under different hydrophobic nanoconfinements
(slit pores or nanotubes, with two degrees of hydrophobicity) within a wide temperature range. On
the one side, water is more structured near the hydrophobic walls, inde- pendently on the confining
geometries. On the other side, we show that the combined effect of confinement and curvature leads
to an enhanced diffusion coefficient of water in hydrophobic nan- otubes. Finally, we propose a
confined Stokes-Einstein relation to extract viscosity from diffusivity, whose result strongly differs
from the Green-Kubo expression that has been used in previous work. We discuss the shortcomings
of both approaches, which could explain this discrepancy.
PACS numbers:
I. INTRODUCTION
Water is essential for life. Although it is formed by sim-
ple triatomic molecules, it has an unusual behavior when
compared with similar mono-component substances.[1] It
exhibits many anomalies and a lot of work has been de-
voted to understand and describe its anomalous behav-
ior. Besides, under confinement, water exhibits a differ-
ent phase diagram than bulk water, where the anoma-
lies can disappear or occur at different thermodynamic
conditions.[2] When confinement reaches the nanoscale,
water undergoes novel physical properties, different from
their bulk analog and still not completely understood.[3–
7] Research on nano confined water has become of great
interest due to its multiple nano technology applications,
as for instance cells biochannels, [8–10] drugs delivering,
[11–14] water desalination devices, [15–22] among others.
[22–30]
Due to the small length scales, the study of water
in nano confinement is experimentally very challenging,
as shown by the few experimental works on the sub-
ject. [2, 31, 32] Besides, experimental results are contro-
versial and open problems remain. [33] This is the main
reason why there has been a greater interest in using
theoretical approaches or molecular simulations to un-
derstand, for instance, the effect of varying the geometri-
cal parameters defining the nano confinement and/or the
thermodynamic conditions. [24, 34–41] However, to our
knowledge, neither the theoretical and simulations ap-
proaches, nor the experimental ones, have so far reached
a consensus on how water transport properties are af-
fected under these conditions.[33, 42]
Thus, molecular dynamics (MD) simulation is a
very important tool to study confined water. A good
force field is then required to model the water-water
and the water-wall interactions. For pure water sim-
ulation studies, many force fields have been pro-
posed to reproduce the complex phase diagram of
water and its anomalies;[43] among them one can
list: SPC,[45] TIP3P,[44] TIP4P,[44] AMOEBA,[46] and
TIP4P/2005,[47] the latter being one of the most robust
and accurate. For confined water (between walls, inside
pores or nanotubes) using rigid atomistic models, most
of simulation works have been performed using TIP3P or
SPC/E models and only a few have used the TIP4P/2005
model. [34, 48–60]
A reliable MD simulation study for water transport
in carbon nanotubes (CNTs) in order to find out con-
duction rates with different water models has been done
by Liu and Patey [58] with a pressure-driven water trans-
port (non-equilibrium conditions) through (8,8) and (9,9)
2CNTs using three different water models (TIP3P, SPC/E
and TIP4P/2005). In a second paper, the same authors
have considered smaller tubes and rationalized the dif-
ferences in terms of viscous entrance effects controlled by
the viscosity of the water model at the entrance of the
tube. [61]
Among recent simulation works on confined
TIP4P/2005 water under equilibrium conditions,
one can mention the work of Ko¨hler et al. [48] and
Marti et al.[49] Both groups considered this model either
confined inside or outside CNTs with hydrophobic or
hydrophilic walls. Different diameters were considered
and their effect on structural or transport properties
were analyzed for some selected thermodynamic con-
ditions. They found interesting results, however, since
Ko¨hler et al. studied CNTs (10,10), (16,16), and (30,30),
meanwhile, Marti et al. CNTs (5,5), (9,9), and (12,12),
and the latest authors used different water-carbon
interaction models, it is not possible to give a general
conclusion of their findings. For instance, Ko¨hler et
al. found a great influence of the density, confinement
size, and water-wall interaction on the viscosity. Marti
et al. [49] besides nanotubes, considered two graphene
sheets separated by a distance from 0.6 nm up to 1.7 nm
immersed in TIP4P/2005 water at T = 275K and
p = 400 bar. They found that the diffusion of water
depends on the plates distance in a non-monotonic way.
As can be noticed, even for this popular water model
under confinement, the available information is limited
and the same occurs with the experimental data.
So, in this work we try to cover this gap and have
chosen the TIP4P/2005 water model confined between
rigid hydrophobic carbon parallel walls, separated by a
distance 1.6 nm and 5.6 nm, and inside CNTs (20,20),
(35,35) and (52,52). This study is carried out using MD
simulations, underlying the effect (if any) played by the
hydrophobicity of the surface and by the temperature of
the system. Our study aims at being a benchmark for
future works, explaining quantitatively the water struc-
ture under confinement, its dynamics and the number of
hydrogen bonds per molecule formed inside these config-
urations. Additionally, in this work a few NMR experi-
mental measurements to predict the diffusion coefficient
of water in CNTs are presented and compared with avail-
able experimental data.
The manuscript is organized as follows: In Section 1,
the TIP4P/2005 water model and the water-carbon hy-
drophobic interactions are discussed. In Section 2, we
present the simulation details as well as those of the
nanostructures to be considered and implemented in sim-
ulations. In Section 3, simulation results for the struc-
tural properties (density profiles and hydrogen-bonds dis-
tributions) and transport properties (diffusion coefficient
and viscosity) are given for different confinement geome-
tries and temperatures. For viscosity, we derived a con-
fined Stokes-Einstein formula, which we compare to the
commonly used Green-Kubo formula. Finally, the main
conclusions of this work are given in section 4. This arti-
cle is complemented with three appendixes. Appendix A
describes a drop-shape analysis to show how we selected
the water-wall interaction. In Appendix B, a confined
Stokes-Einstein relation is derived for a liquid confined
between parallel stress-free walls, in the framework of
continuum hydrodynamics. Appendix C contains our ex-
perimental attempt of measuring the diffusion coefficient
of water confined in CNTs using Nuclear Magnetic Res-
onance (NMR) technique.
II. SYSTEMS AND METHODS
Throughout this work, we have carried out NVT sim-
ulations using the Molecular Dynamics package GRO-
MACS 2016.4,[62] for water confined under two geome-
tries: between two parallel graphene walls (W) and inside
carbon nanotubes (CNT). We made this study for sev-
eral temperatures in the range 243 K to 298 K. We set
the timestep to 1 fs and simulate every temperature for
at least 40 ns, and for lowest temperatures (243-253 K)
up to 60 ns. In order to keep the temperature constant,
we use a Canonical sampling through velocity rescaling
thermostat [63] with a relaxation time set to 1 ps. We
checked that the same results were obtained by means
of Berendsen or Nose´-Hoover thermostats. We are aware
of the fact that thermostating confined fluids is a very
delicate issue [64–67] given that there is no perfect way
to thermostat a confined liquid. However, what we have
used in our work is not an uncommon approach. We
have checked different damping times (1ps being a long
relaxation time), and thermostats to make sure that the
chosen thermostat was not affecting our results.
We used a block average method to estimate the error
bars [68].
A. Tuning the hydrophobicity of the interaction
potential
Water molecules have been simulated using the
TIP4P/2005 force field [47]. We truncated the Lennard-
Jones (LJ) potential at 9.5 A˚, adding standard tail correc-
tions to the LJ energy, and considered Ewald sums (with
the PME technique) [69] for the calculation of the long-
range electrostatic forces, applying a real space cut-off
at 9.5 A˚. The carbon-oxygen (CO) diameter interaction
is described by a geometric average, σCO =
√
σCCσOO,
where σCC is taken from the OPLS-AA force field [70].
The value of εCO established the amount of hydropho-
bicity of the carbon wall. In this work we have used a
value of εCO widely used for water in graphite confine-
ment [21, 48, 71, 72] correponding to a contact angle of
around 96.5◦. For comparison, we have also used a su-
perhydrophobic water-carbon interaction value previouly
3TABLE I: TIP4P/2005 water model force field parameters.
A Lennard-Jones potential characterizes the oxygen-oxygen,
carbon-carbon (OPLS-AA) and carbon-oxygen interactions
(εhco and ε
sh
co ). The charge (qH and qM are the hydrogen
and dummy atom charges respectively) and angle refer to
TIP4P/2005 water model.
Interaction σ(nm) ε (kJ/mol)
Lennard-Jones parameters
O-O 0.3159 0.7749
C-C 0.3550 0.2929
C-O(h) 0.3349 0.2703
C-O(sh) 0.3349 0.0472
Charges (e)
qH = -qM/2 0.5564
H2O angle (degrees)
∠ H2O 104.52
◦
FIG. 1: Snapshots of the nano-structures used in this work,
made of carbon atoms (cyan spheres), filled with water
molecules (red for oxygens and white for hydrogens). Con-
fined systems between graphene walls are labeled as ”W”,
and inside nanotubes as ”CNT”. Different numbers refer
to systems with an increasing wall-distance (W) or diameter
(CNT).
used by Algara-Siller et al. in Ref. [23] corresponding to
a higher contact angle, 132◦ and εshco = 0.0476 kJ/mol.
As detailed in Appendix A, the contact angles were esti-
mated by simulating a sessile (nano)droplet of water on
planar walls. In Table I, we report the parameters of the
force fields used for water and carbon.
B. System preparation
To start with, we prepare the general geometries filled
with water molecules as shown in Fig. 1. Carbon atoms
are placed on a lattice of graphene with fixed positions.
Concerning nanotubes, atoms are placed according to the
chirality specified in each case, also with fixed positions
(frozen). The Carbon-Carbon interaction parameters (ε
and σ) are presented in table I. These values correspond
to OPLS-AA force-field as it was reported in reference
[70].
The W geometry consists of two 5.2 nm×5.2 nm par-
allel graphene walls, each made of 1008 carbon atoms (1
TABLE II: Top: Numerical details for the W-type confine-
ment: number of carbon atoms per wall (NC), distance be-
tween parallel walls (d), wall’s edge (corresponding to the
simulation box limit, LBox) and number of water molecules
(NW ). Bottom: Numerical details for the CNT-type con-
finement: chirality, number of carbon atoms per nanotube,
nanotube diameter, nanotube length (corresponding to the
simulation box edge) and number of water molecules.
System d(nm) LBox(nm) NC(per wall) Nw
W-1 2.0 5.1 1008 1361
W-2 6.1 5.2 1008 5417
System (n,m) d(nm) LBox(nm) NC Nw
CNT-1 (20,20) 2.6 5.16 1680 640
CNT-2 (35,35) 4.7 5.15 2940 2242
CNT-3 (52,52) 7.0 6.20 5201 6407
atom thick). In order to be able to apply periodic bound-
ary conditions in all directions, the system, i.e. water
and carbon walls, is located at the center of the simula-
tion box and an empty region is left between the parallel
walls and the system’s periodic replicas (as suggested in
Ref. 38). We prepare two setups: W-1, containing 1361
water molecules confined between hydrophobic walls lo-
cated at a distance of 1.6 nm; and W-2 containing 5417
water molecules confined between hydrophobic walls lo-
cated at a distance of 5.6 nm.
The CNT geometry consists of cylindrical hydrophobic
nanotubes of the following chirality: (20,20) (CNT-1),
(35,35) (CNT-2) and (52,52) (CNT-3). We use the Vi-
sual Molecular Dynamics software [73] to prepare every
nanotube. A single wall CNT is centered in the middle
of the simulation box. Periodic boundary conditions are
applied in all directions, but the interactions between the
system and its replicas along X and Y are avoided by us-
ing very large simulation box sizes as it was shown by
Zheng et al. [54] Numerical details of these setups are
reported in Table II.
To establish the density of confined water, we com-
pute it as the number of water molecules divided by the
volume that they are contained in, Nw/V (V being ei-
ther the volume between the two walls or the volume in-
side the nanotube). A recipe to estimate the volumes for
the two geometries will be given in the Results section.
For ultra-confined systems this could make a difference
as compared to fixing the pressure. Whereas here the
systems are above the critical size where sub-continuum
behaviour is expected. [74]
C. Measured quantities
In order to give a molecular explanation of water be-
havior under nano-confinement, we firstly computed the
density profile of water molecules and calculated the aver-
age number of hydrogen bonds (HBs) per molecule. The
4HB criterion is based on the number of donor hydrogen-
bonds per molecule as proposed by Kumar et al. [75],
where the HB distance and angle necessary to bond two
water molecules are d ≈ 0.28 nm and ÔH = 109.4◦.
Next, we computed the viscosity of confined water
which can be a delicate issue in confined systems. [76–
80]
In a bulk homogeneous liquid, viscosity can be com-
puted by means of the Green-Kubo expression:
ηGK =
V
kBT
∫ ∞
0
dt 〈Pαβ(t)Pαβ(0)〉 , (1)
where Pαβ are the traceless components of the pressure
tensor. In a confined liquid however, the system becomes
heterogeneous, and more important, the thermal fluctu-
ations of the shear stress at equilibrium will not only be
affected by the liquid viscosity, but by the slip boundary
condition at the wall; consequently, the Green-Kubo for-
mula provides only an effective viscosity whose physical
meaning is unclear. Nevertheless, it can be interesting
to compute ηGK and to compare it with other possible
measurements of confined viscosity, as discussed later.
Note also that in confined systems, the volume V of the
liquid is not well defined, with a related uncertainty on
the computed ηGK, and that the stress tensor compo-
nents Pαβ depend on the system’s geometry. Therefore,
we must distinguish between axial viscosity (defined by
axial pressure components Pxy) and radial viscosity (de-
fined by radial components Pxz and Pyz), as proposed
by Ko¨lher et al. In this work, we have calculated for
the two different types of confinement the axial viscos-
ity, integrating the autocorrelation function of the axial
components.
Another approach to estimate the viscosity relies on
computing the self-diffusion coefficient and using a con-
fined Stokes-Einstein relation. The diffusion coefficient
D|| under confinement can be measured using the parti-
cle’s mean square displacement at long time:
D|| =
〈|r(t0 + t)− r(t0)|2〉
2 dim × t (2)
where dim depends on the system’s geometry: being
dim = 1 for CNT and dim = 2 for parallel walls.
Diffusion measurements in bulk liquids via MD are
strongly affected by finite size effects due to hydrody-
namic interactions with periodic images of the simula-
tion box [81–84]. Analytical corrections exist both for
isotropic or anisotropic simulation boxes. However, the
case of confined systems is quite different and has been
less explored. In planar confinement, assuming a no-slip
boundary condition on the walls, Simonnin et al.[85] have
computed analytically the effect of liquid height d and
box lateral size L on the diffusion coefficient. Here we
would like to emphasize that, while the effect of the fi-
nite lateral size L is purely a limit of the simulation, the
confinement height d has a real physical effect. Indeed,
diffusion is affected in the vicinity of walls. Analytical
descriptions can be found for planar confinement follow-
ing Faxen’s pioneering work [86]; in particular, it has
been shown that liquid-solid slip impacts how diffusion
is affected close to walls. [87–89] Regarding the effect of
the lateral size L, the exact formula derived by Simonnin
et al. [85] can be approximated by assuming that the
particle diffusion coefficient is the sum of their intrinsic
diffusion coefficient and the diffusion coefficient of the
liquid center of mass (com), for which analytical predic-
tions exist in the presence of liquid-solid slip. [90, 91] In
practice, this also means that removing the liquid com
motion when computing the particle mean square dis-
placement – as we did in this work – provides a good
estimate of the intrinsic diffusion coefficient for infinite
lateral size L. Then only the physical effect of the con-
finement remains. Simonnin et al. derived an expres-
sion for the average parallel diffusion coefficient 〈D‖〉 in
the no-slip case, using Einstein relation between mobil-
ity and diffusivity [92], and a continuum hydrodynamics
description of Stokes drag in confinement. In graphite
confinement, slip is very large, with slip lengths typically
much larger than the confinement. [93–96] It is therefore
reasonable to assume a perfect slip boundary condition
(stress-free, infinite slip length). Under those conditions,
and for moderate planar confinement, one can adapt the
calculation by Simonnin et al. (see Appendix B) to show
that:
〈D‖〉 ≈
kBT
3piησh
[
1 +
3
8
σh
d
ln
(
2d
σh
)]
, (3)
with η the viscosity (assumed homogeneous and
isotropic) and σh the effective hydrodynamic diameter
of the particles [98], which can be computed from bulk
measurements of diffusion and viscosity (see Appendix
B). In the following, we shall refer to Eq. (3) as the con-
fined Stokes-Einstein relation. Regarding CNT systems,
we are not aware of an expression equivalent to Eq. (3) in
cylindrical geometry. As a very rough estimate, we sug-
gest to use the same equation, replacing the slab height
by the tube diameter. The confined Stokes-Einstein re-
lation provides an alternative estimate of the viscosity:
ηSE ≈ kBT
3piσh〈D‖〉
[
1 +
3
8
σh
d
ln
(
2d
σh
)]
, (4)
which we will compare to the Green-Kubo estimate in
the results section. Equation (4) provides an effective
viscosity, averaged in space and over the different trace-
less components of the pressure tensor; however, unlike
with the Green-Kubo formula, here the effect of the slip
boundary condition on the walls is taken into account
and separated from the intrinsic viscosity of the confined
liquid. Note that the Stokes-Einstein relation is known to
break down in supercooled bulk water [97, 98], so that the
confined Stokes-Einstein estimate of the viscosity should
be taken with caution at very low temperature.
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FIG. 2: a) Zoom close to the hydrophobic wall (εhco) (purple
vertical lines) of the water density profiles (red curve) com-
puted from the center of a CNT-2 nanotube at T = 298K.
The meaning of the presented variables is reported in the text.
b) and c) are schematic representations of the orientations of
both parallel walls (b) and nanotubes (c). In the latter, d
indicates the nominal diameter, whereas deff indicates the
effective one.
III. RESULTS
In this section we present our results on water struc-
tural (density and HBs) and transport (viscosity and dif-
fusion) properties. We study the effect of hydrophobic-
ity, of nanostructure’s curvature (comparing parallel and
cylindrical confinement) and of temperature on each of
the structural and transport properties.
A. Density profiles
We computed the density profiles of confined water for
every system at several temperatures for both hydropho-
bic and superhydrophobic interactions. As already ob-
served, the density profile of confined water differs with
respect to bulk water, because of curvature effects and
water-carbon interaction. [22, 99]
As shown in Fig. 2, when preparing a CNT-2 hy-
drophobic system containing liquid water with a nom-
inal density of 1 g cm−3, the density profile reveals wa-
ter layering, especially close to the hydrophobic walls.
The hydrophobicity of the confining walls expels water
molecules of the closest layer, thus reducing the overall
confining volume available to the water, which leads to
an ”effective density” that is higher than the nominal
one. To compute the effective volume for the walls and
for the nanotubes, the effective distance deff is defined as
deff = d−σCO−2d0, where d is the nominal wall-to-wall
TABLE III: Nominal distance between walls/the nanotubes
diameters d , and their effective values deff , effective volume
Veff and effective density ρeff (taking the number of water
molecules for each system from Table II).
System d(nm) deff (nm) Veff (nm
3) ρeff (g·cm
−3)
W-1 εshco 2.00 1.50 38.8 1.1
W-2 εshco 6.10 5.60 151.4 1.1
W-1 εhco 2.00 1.50 38.9 1.0
W-2 εhco 6.10 5.60 151.4 1.1
CNT-1 εshco 2.60 1.97 15.73 1.2
CNT-2 εshco 4.74 4.05 66.24 1.0
CNT-3 εshco 7.04 6.28 192.04 1.0
CNT-1 εhco 2.60 2.02 16.02 1.2
CNT-2 εhco 4.74 4.20 71.23 0.9
CNT-3 εhco 7.04 6.36 196.97 1.0
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FIG. 3: Density profiles for water confined in W-1 (top pan-
els) and W-2 (bottom panels) geometries at different temper-
atures (legend shown in figure a)). Results for the superhy-
drophobic system εshco are on the left-hand side (a) and (c)
whereas for the hydrophobic system εhco are on the right-hand
side (b) and (d) .
distance. To estimate d0, we first compute the density
profile from the center of the structure (whether parallel
walls or nanotube) to the wall. Then, we calculate the
distance between the Z value (for planar confinements)
or r value (for cylindrical structures) at the highest den-
sity (d(ρ = max)) and Z or r position at zero density
(d(ρ = 0), as shown in Fig. 2). Finally diving by two (for
symmetry reasons), we compute d0 as
d0 =
1
2
σCO − 1
2
(|d(ρ = max)− d(ρ = 0)|) (5)
The effective distance (deff ), volume (Veff ) and den-
sity (ρeff ), for all the systems considered in this work
are reported in Table III.
Figure 3 represents the density profile obtained for con-
6fined water under planar confinement (W-1 and W-2) in
a wide temperature range, considering the hydrophobic
and superhydrophobic walls. The top panels of Fig. 3 are
the results for the W-1 superhydrophobic (Fig.3-a) and
hydrophobic (Fig.3-b) slab geometries. In the superhy-
drophobic case, the first peaks are more separated from
the walls than in the hydrophobic one. A similar behav-
ior has been observed in Ref. [36, 49], where the authors
studied a confinement between parallel walls at a simi-
lar separation (1.7 nm). In the hydrophobic case, due to
the stronger water-wall interaction, the first peaks ap-
pear closer to the walls, reaching a maximum density of
ρ = 2.25 g/cm3, almost twice the maximum value reached
for εshco . This result implies that water is more structured
close to the wall in the hydrophobic system than in the
superhydrophobic one.
A similar effect is observed for the W-2 superhydropho-
bic case (see Fig. 3) As expected, in the middle of the
simulation box, where the effect of the interface disap-
pears, the system behaves as in the bulk phase and the
density profile resembles the bulk density value indepen-
dently on the εCO value used.
Figure 4 presents the density profiles obtained for wa-
ter confined in CNT-1, CNT-2 and CNT-3 nanotubes in
a wide temperature range, considering hydrophobic and
superhydrophobic walls. When the interaction is super-
hydrophobic, changing the geometry of the confinement
(from planar walls to cylinders) does not affect what was
already observed for planar walls: the peaks of the den-
sity profile are farther away from the surface than in the
hydrophobic case while the peaks heights are higher in
the latter case. Focusing on the CNT-1 system, when the
interactions with the surface are hydrophobic (Fig. 4-b),
the water density increases as approaching to the CNT
surface reaching a density maximum of ρ = 1.23 g/cm3
at r = 0.90nm at the highest temperature (T = 298K).
When considering superhydrophobic interactions (Fig. 4-
a), this peak is lower (ρ = 1.14 g/cm3 at r = 0.85 nm).
Interestingly, the highest peak of the CNT-1’s density
profile, the one with the largest curvature, presents a
shoulder that is closer to the carbon atoms than water
confined in any other other system. This shoulder, orig-
inated by the curvature inducing a closer interaction be-
tween water and carbon, is the signature that the large
curvature forces water to structure close to the hydropho-
bic nanotube.
Similarly, in the CNT-2 a similar displacement of
the maximum of the density profile can be detected:
the maximum in the density profile reaches a value of
ρ = 1.26 g/cm3 at r = 2.03nm in the hydrophobic case
(Fig. 4-d) and of ρ = 1.03 g/cm3 at r = 1.86nm in the
superhydrophobic case (Fig. 4-c). Moreover, in the latter
case, the density profile slightly decreases with increasing
temperature. Also in the CNT-3 a similar displacement
of the maximum of the density profile can be detected:
the density reaches a maximum at ρ = 1.24 g/cm3 and
fluctuates around this value independently of the water-
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FIG. 4: Density profiles for water confined in CNT-1 (top
panels), CNT-2 (middle panels) and CNT-3 (bottom panels)
geometries at different temperatures (legend shown in figure
a)). Results for the superhydrophobic system εshco are on the
left-hand side (a, c and e) whereas for the hydrophobic system
are on the right-hand side εhco ( b, d and f) .
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FIG. 5: Number of hydrogen bonds per molecule calculated
for water confined between parallel walls: W-1 (top panels)
and W-2 (bottom panels). Left-hand side (a and c) superhy-
drophobic and right-hand side (b and d) hydrophobic surfaces.
carbon interaction (see Fig. 4-e and Fig. 4-f).
As can be observed for all cases considered in Figs. 4
and 2, the effect of the temperature on the density profiles
is not very noticeable.
As expected, the density profiles obtained for CNT-1
and CNT-2 are in excellent agreement with the results
reported by Ko¨hler et al. [48] for CNT (16,16) (at ρ1 =
0.93 g/cm3 and ρ2 = 1.12 g/cm
3) and for CNT (30,30) (at
ρ3 = 0.95 g/cm
3 and ρ4 = 1.15 g/cm
3) using TIP4P/2005
as water model.
B. Hydrogen bonds profiles
To further study the molecular structure of confined
water, we analyzed how the average number of HBs of
water molecules varies with respect to the distance from
the confining surface.
A water molecule can be donor and acceptor of two
hydrogen bonds. In such way, we chose one of the two
possible roles of each molecule and we computed the HBs
average using this criterion: therefore the average num-
ber of HB of a bulk molecule is around 2.
When water is confined, the number of HBs
per molecule decreases, especially close to the (su-
per)hydrophobic surface. Figure 5 shows the average
number of hydrogen bonds for confined water between
two parallel walls (a and b for W-1- and c and d for W-
2) within a wide temperature range. Similarly, Fig. 6
represents the analogous property for a cylindrical con-
finement (a and b for CNT-1, c and d for CNT-2 and e
and f for CNT-2). As in bulk water, in every system in
Fig. 5 and Fig. 6, we observe that the number of HBs de-
creases as the temperature increases, given that a higher
temperature corresponds to a higher kinetic energy that
leads to a higher bond breakage.
Close to the wall, regardless the type of confinement,
the number of HBs decreases until zero showing a region
with a value less than 2, in good agreement with the
Hydrogen bonds profile studied previously by Werder and
coworkers. [100] Due to the structuring of liquid water
in the proximities of the surface (as shown in Figs. 3
and 4), more pronounced in the hydrophobic than in the
superhydrophobic system, the number of HBs presented
is on average higher closer to the surface, especially for
the hydrophobic systems.
Focusing on CNT-1, we observe a shoulder (especially
in the hydrophobic case) on the number of HBs near the
surface together with a non-zero number of HBs inside
the surface: these are both effects of large curvature of
the system. However, for both CNT-2 and CNT-3 sys-
tems the number of HBs is always around 2, being slightly
higher before approaching the surface. At that point the
number of HBs dramatically drops to zero, due to the
(super)hydrophobicity of the walls. In the CNT-2 and
CNT-3 geometries, curvature effects are almost negligi-
ble while the bulk contribution (towards the center of the
nanotubes) increases.
C. Diffusion Coefficient
Having studied the structural properties of water un-
der nano-confinements, we computed its transport prop-
erties for planar confinements (W-1 and W-2) and for
two cylindrical confinements (CNT-1 and CNT-2). In
the latter case, we are not considering CNT-3 since this
system behaves as the bulk. Therefore the CNT-2 sys-
tem is enough to draw conclusions about nanotubes with
a large diameter.
We first compute the diffusion coefficient D in a wide
temperature range (243K - 298K) and for the different
hydrophobicities of the surface.
As discussed in section II, the effect of the finite lat-
eral size of the simulation box is simply dealt with by
computing the mean square displacement of the parti-
cles after removing the motion of the center of mass; in
confined systems, this provides a reasonable estimate of
the intrinsic self-diffusion coefficient (i.e., in the limit of
an infinite lateral box size). Therefore, the diffusion coef-
ficients presented are the bare values measured from the
mean square displacement.
Results for water in planar confinement (W-1 and W-
2 and the two different hydrophobicities) are presented
80 0,5 1 1,5
r (nm)
0
0,5
1
1,5
2
H
-B
on
ds T = 243 KT = 253 K
T = 263 K
T = 273 K
T = 285 K
T = 298 K
a)
0 0,5 1 1,5
r (nm)
0
0,5
1
1,5
2
H
-B
on
ds
b)
0 0,5 1 1,5 2 2,5
r (nm)
0
0,5
1
1,5
2
H
-B
on
ds
c)
0 0,5 1 1,5 2 2,5
r (nm)
0
0,5
1
1,5
2
H
-B
on
ds
d)
0 1 2 3 4
r (nm)
0
0,5
1
1,5
2
H
-B
on
ds
e)
0 1 2 3 4
r (nm)
0
0.5
1
1.5
2
H
-B
on
ds
f)
FIG. 6: Number of hydrogen bonds per molecule calculated
for water confined inside nanotubes: CNT-1 (top panels),
CNT-2 (middle panels) and CNT-3 (bottom panels). Left-
hand side (a, c and e) superhydrophobic and right-hand side
(b, d and f) hydrophobic surfaces.
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FIG. 7: Diffusion coefficient of water as a function of tem-
perature when confined a) between hydrophobic and superhy-
drophobic walls, b) inside hydrophobic and superhydrophobic
nanotubes. The green empty circle in a) is for water confined
between sheets (d = 1.4 nm) from Ref. [49]. Bulk diffusion
coefficient from Ref. [98] is represented by a black line. Stars
and diamonds in panel b represent the diffusion inside nan-
otubes with a diameter of 2-4 nm for TIP3P water (purple)
and SPC/E water (red) from Ref. [42]. Orange and green sym-
bols represent results for water at densities ρ = 0.95 g/cm3
and ρ = 1.15 g/cm3 (circles and squares respectively) nan-
otubes with a chirality of (16,16) and (30,30) from Ref. [48].
in Fig. 7-a, which shows that the diffusion coefficient of
water confined under parallel walls is independent of the
distance between walls (W-1 or W-2), and is similar to
that of bulk water in the same temperature range: at
low temperatures, the system presents slower diffusion.
Moreover, the amount of hydrophobicity of the surface
does not affect significantly the diffusion coefficient. In
the same panel we also report the result from Ref. [49]
obtained for TIP4P/2005 water in a more stringent con-
finement. The discrepancy with respect to our results
might be due to the fact that water in Ref. [49] is con-
fined in a much tighter slab. This leads to an even more
pronounced structuring of liquid water, that strongly af-
fects its dynamic properties.
The results obtained for CNTs are presented in Fig. 7-
b. Interestingly, the diffusion coefficient is affected by
the curvature, being higher for the most curved surfaces
(CNT-1 and CNT-2), and is barely affected by the hy-
drophobicity of the surface (being slightly higher in the
9hydrophobic system). As in the parallel walls confine-
ments, the behavior of the diffusion coefficient with tem-
perature is similar to the bulk. When T ≤ 263K, the
values of the diffusion coefficient resemble those of bulk
water independently on the curvature of the geometries
and on their hydrophobicity. In contrast, at high temper-
ature, the diffusion coefficient of confined water is higher
than the corresponding value for bulk water.
Focusing on T = 298K, where the effect is more dra-
matic, we compared our results with results from the lit-
erature. As already suggested in Ref. [58], the diffusion
coefficient of confined water is strongly affected by the
water model,with TIP3P giving values too high with re-
spect to SPC/E.[42] When comparing with TIP4P/2005
confined water at similar density and for similar chirality
(orange symbols), we obtain results in perfect agreement
with the literaturei. [48]
Therefore, water diffuses faster when confined in hy-
drophobic nanotubes with an effective diameter ranging
from 2 nm up to about 4 nm (CNT-1 and CNT-2, re-
spectively).
In order to unravel the microscopic origin of this be-
havior, we evaluate how the diffusion coefficient varies
with the distance from the hydrophobic surface.
Figure 8 represents the diffusion coefficient of water
molecules when confined: a) between parallel walls (W-1)
at 298K and inside an hydrophobic nanotube (CNT-1) at
298K (b) and at 273K (c). Densities of water confined in
those systems are similar, but curvatures and structures
are definitively different. Data for D are plotted along
the XY direction for W-1 (Fig. 8-a) and the Z direction
for CNT-1 (Fig. 8-b and 8-c).
For the slit pore at 298K (W-1, Fig. 8-a), we observe
that the average diffusion, computed with Eq. (2) (green
line) is practically the same as that for bulk water (con-
tinuous black line). Figure 8-a also shows the predic-
tion of continuum hydrodynamics for the local diffusivity,
Eq. (B2). The shape of the theoretical curve matches well
the measured values, except very close to the walls, where
the diffusivity increment is lower than the continuum pre-
diction. On the one hand, this could simply be because
Eq. (B2) was derived for a distance to the walls z ≫ σh,
so that it would be outside its range of validity. On the
other hand, the large quantitative discrepancy could be
due to beyond-continuum effects, related in particular to
the large changes in the (H-bond) structure highlighted
in sections 3.1 and 3.2.
Note that in Eq. (B2), the confined Stokes-Einstein
viscosity, ηSE was used, so that the average of Eq. (B2)
corresponds to 〈D‖〉. As a consequence, because D‖(z)
is overestimated by Eq. (B2) close to the walls, it is also
slightly underestimated in the middle of the slab, by ca.
3% . This value provides an estimate of the typical er-
ror in the viscosity computed by the confined Stokes-
Einstein method, where Eq. (B2) is assumed to be valid
everywhere in the slab.
As shown in Fig. 8-b and Fig. 8-c, the curvature plays
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FIG. 8: Diffusion coefficient along the distance between walls
or the radius of the nanotube for W-1 at T = 298K (panel
a), CNT-1 at T = 298K (panel b) and at T = 273K (panel
c). The green line represents the diffusion value reported in
Fig. 7 at the same conditions and the black line is the diffusion
of bulk water from Ref. [98].The purple line represents the
diffusivity profile calculated via Eq. (B2).
an important role in determining the diffusion of water,
as previously suggested. [22, 101] When considering the
effect of the curvature (CNT-1) we observe that the av-
erage diffusion is higher than the value for bulk water at
298K (Fig. 8-a), and 273K (Fig. 8-c).
D. Viscosity
We now focus on the calculation of the viscosity, which
we evaluate via two routes: the Green-Kubo expression,
given in Eq. (1) and the confined Stokes-Einstein expres-
sion, given by Eq. (4), derived using continuum hydro-
dynamics. Concerning the Green-Kubo approach, as ex-
plained in Sec. II, we use only some components of the
pressure tensor, depending on the geometry of the con-
finement. Therefore, care must be taken when compar-
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FIG. 9: Viscosity η as a function of temperature for water
in slits (a) and in nanotubes (b). Blue color represents the
smallest system in each case (W-1 or CNT-1) and red color
represents W-2 or CNT-2. Black line shows the results re-
ported in Ref.[98] for bulk. The Green-Kubo estimate (di-
amonds) and the confined Stokes-Einstein estimate (squares
and circles) are compared.
ing to literature results obtained for bulk water, where
all pressure tensor’s components are taken into account.
We focused on the hydrophobic case, computing the
viscosity for both slit pore and nanotube systems in a
wide temperature range (243-298K). Our results are pre-
sented in Fig. 9-a for the hydrophobic slits and Fig. 9-
b for CNT-1 and CNT-2 nanotubes. Consistently with
the diffusivity, the confined Stokes-Einstein viscosity re-
ported in panel a for a slit pore shows a very good agree-
ment with the bulk values (continuous black line) inde-
pendently on the system size (W-1 blue and W-2 red
squares). In contrast, the Green-Kubo axial viscosity
(empty diamonds) depends strongly on system size (with
the largest W-2 system closer to the bulk values than the
W-1 one). Note that similar results for the viscosity have
been obtained using the GK expression by ref. [48] for a
similar size CNT (same density and hydrophobicity).
Similar results are obtained for nanotubes (panel b):
ηSE is always very close to the bulk values (continuous
black line) independently of the system size (CNT-1 blue
and CNT-2 red circles) and on hydrophobicity (εhco empty
and εshco filled symbols). A small discrepancy appears at
low temperatures, which could be related to the failure
of the Stokes-Einstein relation in supercooled water. In
contrast, a clear system size dependence is detected for
the Green-Kubo axial viscosity (empty diamonds); for
the largest CNT-2 system viscosity values are closer to
those of the bulk when compared with those of the CNT-
1 one.
To conclude, while viscosity computed with the Green-
Kubo formula (applied for anisotropic and confined sys-
tem) strongly differs from the bulk, viscosity computed
with the confined Stokes-Einstein relation is not so af-
fected by confinement, independently on its geometry.
IV. SUMMARY AND CONCLUSIONS
In this work we present a thorough study of
TIP4P/2005 water confined in different hydrophobic
nanostructures within a wide temperature range. Prop-
erties such as density profiles, HBs per molecule, diffusion
and viscosity were obtained using MD simulation.
Studying the density profiles, we concluded that water
density approaches the bulk value in the middle of ei-
ther the slit pore or the nanotube, while more structured
water (highest peaks) is observed near the walls. We de-
tect differences of the density profiles depending on the
amount of hydrophobicity considered: water seems more
structured in the hydrophobic cases rather than in the su-
perhydrophobic ones. As expected, the number of HBs in
bulk water is reached in the middle of either the slit pore
or the nanotube; while near the surface a sharp decrease
to zero is observed, given that those molecules have a
smaller number of water neighbours, thus forming less
bonds. Interestingly, in the CNT-1 system, we observe a
shoulder that we attribute to curvature effects.
To study diffusivity, we treated effects of the finite lat-
eral size of the simulation box by simply computing the
mean squared displacement of the molecules after remov-
ing the motion of the liquid center of mass. Interest-
ingly, when confined in nanometer size nanotubes, water
tends to diffuse faster than in bulk (CNT-1 and CNT-2).
Considering that CNT-1 has the highest curvature, we
conclude that curvature is an important parameter that
can be handled to produce an increment of the diffusion
while confining water, especially at lower temperatures.
We showed that the confinement of water induces a sig-
nificant difference between the diffusion of the molecules
in the center of the systems and the molecules close to
the interface as shown in figure 8, in qualitative agree-
ment with the prediction of continuum hydrodynamics.
The quantitative discrepancy could be either due to an
approximation in the derivation of the analytical predic-
tion, or to non-continuum effects, consistently with the
large structural changes close to the walls.
We then compared the two methods to evaluate viscos-
ity. First, we used a Green-Kubo expression (whose ap-
plicability in confined heterogeneous systems is not guar-
anteed), considering only some components of the pres-
11
sure tensor for computing axial viscosity as commented
in Sec. 2.3. Then, we derived a confined Stokes-Einstein
relation, taking into account the influence of the (stress-
free) confining walls, based on a previous expression de-
rived for no-slip walls [85]. Viscosity can also be esti-
mated through this confined Stokes-Einstein relation, al-
though this expression could fail at low temperatures,
similarly to its bulk counterpart. We found that the two
estimates differ dramatically, with the confined Stokes-
Einstein estimate globally remaining closer to the bulk
viscosity, and being more consistent with what we ob-
served for diffusion (by construction). Since both meth-
ods have their shortcomings, here we only would like to
suggest that measuring viscosity in a confined system is a
delicate business, and that different methods may provide
dramatically different results, which may not be easily
related to the standard, experimental definition of vis-
cosity. To conclude, care must be taken when computing
viscosity in inhomogeneous and anisotropic confined sys-
tems. In terms of diffusion and viscosity, we do not see
any dynamical signature of any liquid-liquid transition.
At least within the chosen temperature range and nan-
otube diameter/plane geometry. Further work is needed
to unravel the features of water under ultra-confinement,
where water could undergo structural and/or dynamical
transitions. [102–105]
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Appendix A: Contact angle measurements
In order to quantify the amount of hydrophobicity, we
compute the contact angle of a liquid droplet located
on a planar surface. As in an experimental drop-shape
analysis [106], we prepare a liquid droplet containing
200 water molecules and locate it on top of a rigid and
flat carbon surface. Depending on whether the surface
is hydrophobic (h) or superhydrophobic (sh), the surface
will be ”partially wet” as we can see in Fig. 10-a or dry
as in Fig. 10-b.
Next, we estimated the contact angle between the
a) b)
FIG. 10: Snapshots representing liquid droplets on a flat sur-
face. Carbon atoms are represented by cyan spheres and the
water molecules are red and white (red for oxygen and white
for hydrogen). (a) Hydrophobic water-wall interaction using
εhco (b) Superhydrophobic water-wall interaction using ε
sh
co .
The numbers indicate the contact angles resulting from our
calculations.
droplet and the surface. After having equilibrated the
system for 2 ns, we measured the contact angle by pro-
jecting on the X−Y plane the water molecules and of the
carbon atoms coordinates: defining the line formed by
the outermost molecules in the droplet with the molecule
in contact with the layer, and a line defined on the plane
of the carbon atoms, then we computed the contact angle
among them. To get more statistics, we have used the co-
ordinates of all molecules for 10 independent trajectories
at same temperature, averaging the final result.
With this method, we estimated the contact angle for
the hydrophobic case to be around 96.5◦ which indicates
a slight hydrophobicity of the surface, similarly to the one
computed by Hummer et al.[21], Moskowitz et al.,[71]
and Kohler et al.[48] considering the same interaction
strength (ε = 0.2703 kJ/mol). In the superhydrophobic
system, where εshco is 0.047 kJ/mol, we obtained a contact
angle of ≈ 132◦, much larger than 90◦.
Appendix B: Confined Stokes-Einstein relation
Here we consider a liquid confined in an infinite slit
pore of height d, assuming a perfect slip (stress-free)
boundary condition at the walls, and a homogeneous and
isotropic viscosity η. We derive an expression for the av-
erage self-diffusion coefficient parallel to the walls. To
that aim, we follow the approach described in Ref. 85,
with the only difference that we consider stress-free walls.
We define the vertical position z by the position of the
hydrodynamic shear planes at z = 0 and d. The local dif-
fusivity D‖(z) can be related to the local mobility µ‖(z)
through Einstein relation [92]: D‖(z) = kBTµ‖(z). The
mobility can then be computed within the framework of
continuum hydrodynamics. In bulk, the standard Stokes
prediction 1/µbulk‖ = 3piησh can be used to define the
effective hydrodynamic diameter of the particles σh, see
Table IV. In confinement, the mobility is modified due to
12
TABLE IV: Bulk diffusivity Dbulk, bulk viscosity ηbulk and
effective hydrodynamic diameter σh = kBT/(3piηbulkDbulk)
as a function of temperature for a density of 999.26 kg/m3.
Data extrapolated from Ref. 98 (we fitted the numerical data
with Vogel-Tammann-Fulcher laws).
T (K) Dbulk (×10
−9m2/s) ηbulk (mPa s) σh (nm)
298 2.35 0.849 0.219
285 1.67 1.18 0.212
273 1.14 1.71 0.205
263 0.791 2.47 0.197
253 0.513 3.81 0.190
243 0.306 6.44 0.181
friction on the two walls. When the distance to the walls
is large as compared to the particle radius, one can write
[85, 87–89]:
1
µ‖(z)
= 3piησh
(
1
1 + 38
σh
2z+σh
+
1
1 + 38
σh
2(d−z)+σh
− 1
)
.
(B1)
The local diffusivity is accordingly:
D‖(z) =
kBT
3piησh
(
1
1 + 38
σh
2z+σh
+
1
1 + 38
σh
2(d−z)+σh
− 1
)−1
.
(B2)
The average diffusivity is then given by:
〈D‖〉 =
1
d
∫ d
0
D‖(z) dz. (B3)
The full solution is rather cumbersome, but in large pores
(d≫ σh), it can be approximated by:
〈D‖〉 ≈
kBT
3piησh
[
1 +
3
8
σh
d
ln
(
2d
σh
)]
. (B4)
In the main text, we will refer to this expression as the
confined Stokes-Einstein relation, and use it to compute
the liquid viscosity from its diffusion coefficient. In prac-
tice, we will use the effective wall position as the origin,
and the effective wall distance for d (see section 3.1 of
the main text).
Appendix C: Experimental NMR measurements
In order to confirm our numerical results, we have at-
tempted to measure the diffusion coefficient inside the
nanotubes by means of Nuclear Magnetic Resonance,
NMR, following the protocol described in Ref. [31], that
uses NMR DOSY (Diffussion Ordered SpectroscopY) ex-
periments to experimentally determined the diffusion co-
efficients.
FIG. 11: 1H spectra of the CNTs-water suspension at 293 K
(black curve), 278 K (red curve), 263 K (dark blue) and 253 K
(green).
To start with, we prepare a suspension of single walled
CNTs in water. We located a suspension of 300 µ l dis-
tilled water and 1 mg single walled CNTs with open tips
at both ends (provided by Ionic liquid Technologies, O-
SWCNT diameter=1 − 2nm, length=1 − 3µ m) in a 5
mm NMR tube. To properly disperse the nanotubes in
water, we sonicate the suspension for 6 hours.
Next, we have inserted in the sample a coaxial in-
ner tube containing CD3CN needed as an external lock
solvent for the NMR experiment. We acquired 1H 1D
NMR experiments on a Bruker Advance 500 MHz spec-
trometer with 16 scans at the following temperatures:
293 K, 278 K, 263 K and 253 K. Next, we performed
NMR DOSY (Diffusion Ordered SpectroscopY) experi-
ments at 500 MHz with the standard Bruker DOSY pro-
tocol (stebpgp1s), collecting thirty two 1D 1H spectra
with a gradient duration of δ = 1 ms and an echo delay
of ∆=100 ms.
NMR spectra are shown in Fig. 11. As expected, the
water signal shifts to the left for lower temperatures.
The 1H NMR signal at 263 K displays line broad-
ening (as its signal in the DOSY experiment), signa-
ture of the fact that the sample contains a mixture of
bulk and frozen water (log(KD) = −(9.02 − 9.14) thus
KD = (9.5 ∗ 10−10 − 7.2 ∗ 10−10) m2/s). No signal has
been detected at the lowest temperature of 253 K due to
the crystallization of the entire suspension. Interestingly,
at every temperature we always noticed on the right a
low peak that we attribute to a small amount of water
present in the CD3CN capillary.
Results obtained from the NMR DOSY experiments
are shown in Fig.12.
As reported in Fig 11, the suspension is liquid at tem-
peratures down to 263K. As shown in Table V, the ob-
tained values of the diffusion coefficient at 298 K, 293 K
and 278 K (log(KD)= -8.59, -8.64, -8.85, respectively)
are consistent with the reported values for bulk water
presented in the literature.
Our experimental results for bulk water are repre-
sented together with our numerical results for water con-
fined in the hydrophobic CNT 1 and CNT 2 nanotube
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FIG. 12: DOSY NMR experiments acquired at 298 K (red
colour) and 278 K (blue colour) overlaid, where log(KD) =
−8.85 (at 278K) and log(KD) = −8.59 (at 298K).
T (K) D(cm2 s−1) D(cm2 s−1) Literature
298 2.57 × 10−5 2.29 × 10−5 Ref.[? ]
293 2.29 × 10−5 2.02 × 10−5 Ref.[? ]
278 1.41 × 10−5 1.31 × 10−5 Ref.[? ]
TABLE V: Comparison between experimental and reported
bulk water diffusion coefficients
and with the results presented in reference [31].
Differently from us, Liu et al. [31] detected the 1H wa-
ter NMR signal at temperatures below 263 K: the authors
attributed this signal to endohedral mobile water inside
the nanotubes. One possible difference between the two
experiments is the amount of confined water, that could
not be enough for NMR detection in our experimental
conditions. Even though the diameter of the nanotubes
is similar in both experiments (1−2 nm vs 2.3 nm in [31])
their length is smaller in our experiments (1 − 3 µm vs
12 − 18 µm in [31]). Another difference is that we used
single wall, while the authors of [31] used multi walled
nanotubes.
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FIG. 13: Diffusion coefficient of water confined within CNT1
and CNT2 nanotubes (red and blue symbols). The purple
symbols are results from our experiments while the orange
ones from Ref. [31]. The solid black line represents the ex-
pected values for bulk water.
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